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Abstract: Second harmonic generation (SHG) can be used as a technique
for controlling the spatial mode structure of optical beams. We demonstrate
experimentally the generation of higher-order spatial modes, and the
possibility to use nonlinear phase matching as a predictable and robust
technique for the conversion of transverse electric modes of the second
harmonic output. The details of this effect are well described by our wave
propagation models, which include mode dependent phase shifts. This is, to
our knowledge, the first detailed study of spatial mode conversion in SHG.
We discuss potential applications of this effect.
© 2007 Optical Society of America
OCIS codes: (190.2620) Frequency conversion; (190.4360) Nonlinear optics, devices;
(230.4320) Nonlinear optics devices
References and links
1. V. Khokhlov, Radiotek. Electron 6, 1116-1130 (1961).
2. P.A. Franken, A.E. Hill, C.W. Peters, and G. Weinreich, “Generation of Optical Harmonics,” Phys. Rev. Lett. 7,
118-119 (1961).
3. R.W. Boyd, Nonlinear Optics, (Academic Press, 1992).
4. G. Gurzadian, D.N. Nikogosian, and V.G. Dmitriev, Handbook of Nonlinear Optical Crystals, (Springer, 2006).
5. R. Paschotta, P. Kurz, R. Henking, S. Schiller, and J. Mlynek, “82% efficient continuous-wave frequency doubling
of 1.06 µm with a monolithic MgO:LiNbO3 resonator,” Opt. Lett. 19, 1325-1327 (1994).
6. G. Breitenbach, S. Schiller, and J. Mlynek, “81% Conversion efficiency in frequency-stable continuous-wave
parametric oscillation,” J. Opt. Soc. Am. B 12, 2095-2101 (1995).
7. A.E. Siegman, Lasers, (University Science, Mill Valley California, 1986).
8. G.D. Boyd and D.A. Kleinman, “Parametric Interaction of Focused Gaussian Light Beams,” J. Appl. Phys., 39,
3597-3639 (1968).
9. J.T. Lue and C.J. Sun, “Limiting factors for parametric generation with focused high-order transverse- and
multilongitudinal-mode lasers,” J. Opt. Soc. Am. B 4, 1958-1963 (1987).
10. L.G. Gouy, “Sur la propagation anormale des ondes,” Compt. Rendue Acad. Sci. 111, 33-35 (1890).
11. R.W. Boyd, “Intuitive Explanation of the Phase Anomaly of Focused Light Beams,” J. Opt. Soc. Am 70, 877-880
(1980).
12. M. Lassen, V. Delaubert, J. Janousek, K. Wagner, H-A. Bachor, P.K. Lam, N. Treps, P. Buchhave, C. Fabre, and
C.C. Harb, “Tools for spatial multi-mode quantum information: modulation, detection and quantum correlations,”
Phys. Rev. Lett. 98, 083602-1-083602-4 (2007).
13. V. Delaubert, M. Lassen, D.R.N. Pulford, H-A. Bachor and C.C. Harb, Generalized Boyd-Kleinman Calculation
of High Order Transverse Modes Second Harmonic Generation, To be submitted (2007).
#80575 - $15.00 USD Received 1 Mar 2007; revised 20 Apr 2007; accepted 20 Apr 2007; published 27 Apr 2007
(C) 2007 OSA 30 Apr 2007 / Vol. 15,  No. 9 / OPTICS EXPRESS  5815
14. T. Kasamatsu, H. Kubomura and H Kan, “Numerical Simulation of Conversion Efficiency and Beam Quality
Factor in Second Harmonic Generation with Diffraction and Pump Depletion,” Jpn. J. Appl. Phys., 44, 8495-
8497 (2005).
15. S. Sheng and A. E. Siegman, “Nonlinear-optical calculations using fast-transform methods: Second-harmonic
generation with depletion and diffraction,” Phys. Rev. A, 21, 599-606 (1980).
16. N. Lastzka et. al., arXiv.org:physics/0611257, (2006).
17. M. Lassen, V.Delaubert, C.C. Harb, P.K.Lam, N.Treps and H-A.Bachor, “Generation of Squeezing in Higher
Order Hermite-Gaussian Modes with an Optical Parametric Amplifier,” J. of the Euro Opt. Soc.-RP. 1, 06003-1-
06003-7 (2006).
18. J.R. Kurz, J. Huang, X. Xie, T. Saida, and M.M. Fejer, “Mode multiplexing in optical f requency mixers,” Opt.
Lett. 29, 551-553 (2004).
19. H. He, M.E.J. Friese, N.R. Heckenberg and H. Rubinsztein-Dunlop, “Direct observation of transfer of angular
momentum to absorptive particles from a laser beam with phase singularity,” Phys. Rev. Lett. 75, 826829-826833
(1995).
20. A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and Steven Chu, “Observation of a single-beam gradient force optical
trap for dielectric particles,” Opt. Lett. 11, 288-291 (1986).
21. W.M. Lee, X. Yuan, and D. Tang, “Optical tweezers with multiple optical forces using double-hologram interfer-
ence,” Opt. Express, 11, 199-207 (2002).
1. Introduction
Second harmonic generation (SHG) was first proposed by Khokhlov et al. [1] in 1961 and
demonstrated by Franken et al. [2] in the same year. It was accomplished by passing a ruby
laser pulse through crystalline quartz and observing a color change at the second harmonic
(SH) wavelength. Since that time, SHG has had many uses in both research and industry. The
generation of an optical SH beam depends on the square of the pump intensity at fundamental
frequency, and on the second order nonlinear susceptibility (χ(2)) of the nonlinear material [3].
The requirements for achieving efficient SHG are high pump intensity, tight pump focusing,
large χ(2) and low optical losses in the crystal. Moreover, the fundamental and SH generated
beams must preserve their phase relation over the length of the nonlinear crystal. The latter re-
quirement is known as the nonlinear phase-matching condition and is achieved experimentally
by taking advantage of the birefringence of the nonlinear crystal [4].
Although it is well known that the SHG process can be accomplished with any pump mode,
SHG has generally been confined to the use of a single fundamental mode, namely TEM00
[5, 6]. The use of TEMn0 modes corresponding to the higher order Hermite-Gauss (H-G) modes
[7] of order n, has until now been given less attention. A full analysis of the SHG efficiency,
assuming a Gaussian spatial TEM00 profile of the beams, has been described in the work by
Boyd and Kleinman in 1968 [8], but no general extension of this analysis to higher order TEMn0
has - to our knowledge - been proposed. While the efficiency of the SHG with higher order
pump modes has been mentioned [9], the influence of phase matching on the SH mode profiles
has not been detailed.
In this paper, we describe the use of SHG for spatial mode control. The experimental setup
is illustrated in Fig. 1. We use two quantitative models to account for our experimental results ;
the first one is analytical and is based on generalized Boyd-Kleinman factors including higher
order H-G modes SHG. The second one is a numerical model describing the wave propagation
step by step in the nonlinear medium [14, 15]. These two approaches complement each other.
The first one provides a good physical understanding and focuses on a H-G modes properties,
whereas the latter model provides a flexible engineering tool that can be adapted to any given
optical system and any pump spatial distribution. We present results for the TEM00, TEM10,
and TEM20 pump modes, and compare the predictions with the SHG produced in a single pass
experiment operated with a TEMn0 pump and find good agreement. In particular we can predict
that for a TEMn0 pump beam, with n > 0, the SH transverse profile can be altered continuously
by adjusting the wavelength, nonlinear phase-matching or pump focusing. This phenomenon is
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Fig. 1. Scheme for single pass SHG measurement illustrated for the case of a TEM10 fun-
damental pump mode.
a consequence of Gouy phase shifts acquired during beam propagation between higher order
H-G modes [7]. This phase shift is named after L.G. Gouy [10, 11] who discovered in 1890 a
pi phase shift across the focus of a beam of light using an interferometer.
A detailed understanding of the influence on Gouy phase shifts - and hence on multi-mode
transverse SHG - of pump focusing, pump wavelength and crystal temperature provides the op-
portunity for applications ranging from simple temperature and wavelength sensors to quantum
information and communication devices and techniques [12].
2. Theoretical analysis of the SH mode decomposition
In a given plane of the nonlinear crystal, or in a regime for which a thin crystal approximation
can be used, the SHG process combines two photons from the pump field to generate one SH
photon with twice the energy. The pump photons can originate anywhere within the spatial
profile of the TEMnm pump mode. However, we will restrict the discussion to TEMn0 modes
and will only describe their transverse variation along the x axis. In this case we can define
{un} as the fundamental TEMn0 pump mode, whose first mode has a waist of w0. We can also
define {vn} as the SH mode, whose first mode has a waist of w0/
√
2. With these definitions,
TEM00 modes at both wavelengths have maximal spatial overlap inside the crystal [3]. The
normalized profile of the generated SH field for a TEMn0 pump can be written, in the thin
crystal approximation, as
En(x) =
n
∑
i=1
Γniv2i(x) (1)
where v2i denotes the even SH modes and Γni describes the spatial overlap between the squared
pump and the SH modes in the transverse plane. It is given by Γni =
∫
∞
−∞
u2n(x)
αn
v2i(x)dx, where αn
corresponds to the normalization of the squared pump, that is α2n =
∫
∞
−∞ u
4
n(x)dx. The generated
SH components are all even since the TEMn0 pump squared profile is always even, with the
2n mode being the highest present in the SH profile. In the special case of a TEM00 pump
profile [5, 6] the SH profile is also a TEM00. For all other cases the fundamental and SH profiles
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differ [13]. The field profile expression given in Eq. 1 has been used to fit the experimental
profiles given in Fig. 6(c), which were obtained with defocused pumps, for which the thin
crystal approximation is valid, i.e. zR ≫ l, where zR is the pump beam Rayleigh range and l is
the crystal length.
In the regime where the latter approximation is not valid anymore, i.e. when the pump is
focused or when the crystal length is of the order of the Rayleigh range, phase shifts become
important in the phase-matching process. Indeed, different TEMn0 modes accumulate different
Gouy phase shifts during propagation along the z axis, which are determined by the following
equation : φn(z) = (n + 1)arctan( zzR ) [7]. Consequently the SH mode components cannot be
simultaneously phase matched to the pump mode for the full length of the nonlinear crystal.
The evolution of each SH H-G mode component therefore requires a local field description
when propagating through the crystal.
In order to do such an analysis, we use two methods. The first one is based on a general-
ized calculation of Boyd-Kleinman factors denoted Hn,2p(ξ ,∆k) [8]. These terms integrate the
nonlinear effects along the crystal length and take into account the Gouy phase shifts of higher
order modes. They are defined by
Hn,2p(ξ ,∆k) = 12pi
∫ ξ
−ξ
(1− iτ)n−p e−i l∆kτ2ξ
(1+ iτ)n−p+1
dτ (2)
where τ = (z− f )/zR, z = f corresponds to the position of the beam waist. The indices n and
2p refer to the TEMn0 pump mode and to the even TEM2p0 generated SH mode, respectively.
Generalized Boyd-Kleinman factors describe the relationship between the fundamental TEMn0
and the SH TEM2p0 modes, and provide an accurate prediction for the SH beam propagation as
a function of the beam focusing parameter ξ , and for pump wavelength and crystal temperature
dependence through the phase matching parameter ∆k. In our calculations, we make four ap-
proximations. We first consider that losses in the crystal are negligible for both the fundamental
and second harmonic. This approximation is just to simplify the calculations as we expect to
have similar losses for all transverse modes. This allows us to focus more specifically on the
differences introduced by the use of higher order H-G pump modes. Secondly, we consider
that the beam propagation axis corresponds to the optical axis of the Type I nonlinear crys-
tal and therefore omit any beam walk-off effect. Moreover, we consider that the beam waist
of the pump beam is centered in the crystal, as this optimum case is generally adopted in the
experiments. Finally, we make the weak pump depletion approximation when using this model.
It is important to note that the generalization to a multi-mode pump is, although feasible, not
straightforward with this model, due to the nonlinearity of the process. The calculation needs
to be derived for each pump profile and quickly becomes difficult to handle analytically when
the number of transverse modes in the pump increases.
The second method we use is a numerical model where the SHG is modeled using fast
transform techniques [14, 15]. This wave propagation analysis takes into account diffraction
and depletion of the pump beam. It can thus be used when the pump depletion is important,
i.e. when the pump intensity dependence of the phenomenon cannot be neglected. Moreover,
as this model is based on general field evolution equations and is not restricted to a modal
decomposition of the pump, it can handle an arbitrary super-position of different pump modes.
The equations for SHG in the paraxial approximation for a type-I nonlinear medium are given
by:
∇2t E1−2 jk1
∂E1
∂ z = −2dω
2
1 µ0E∗1 E2 exp(− j∆kz) (3)
∇2t E2−2 jk2
∂E2
∂ z = −2dω
2
2 µ0E21 exp( j∆kz) (4)
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Fig. 2. SHG efficiency as a function of the focusing parameter ξ , in optimal phase matching
conditions, for i) TEM00, ii) TEM10 and iii) TEM20 pump modes. All curves are normal-
ized to the best conversion efficiency obtained for the TEM00 case. We have represented
the three most relevant regimes to our analysis : ’thin crystal approximation regime’ cor-
responding to collimated beams, ’optimal focusing regime’, and ’tight focusing regime’.
Two experimental points are represented in the optimal focusing region.
where E is the electric field and the subscripts 1 and 2 indicate the fundamental and SH fields,
respectively. d is the effective nonlinearity. These equations describe the coupling of different
higher order modes through the nonlinear susceptibility (χ(2)) for both SHG’s and OPA’s. More
details on the two methods can be found in [13]. These two models have been compared
extensively with each other and with the experimental results and show very good agreement.
We can thus use these models to make predictions about the behavior of the SHG process under
different conditions.
2.1. Optimum focusing
In order to find the best SHG achievable experimentally, i.e. the optimum regime, we have
plotted the SHG power as a function of the beam focusing in Fig.2. These curves are all nor-
malized to the maximum achievable SHG power in the case of a TEM00 pump. Moreover, this
representation corresponds to optimal phase matching conditions, i.e. for the value of ∆k that
maximizes the SHG power. Identical curves have been obtained with both theoretical models.
The maxima occur at ξopt0 = 2.84, ξopt1 = 2.7 and ξopt2 = 2.5 for the TEM00, TEM10 and
TEM20, respectively. The value of 2.84 exactly corresponds to the one reported in reference [8]
with a TEM00 pump. Latska et al. [16] recently proposed that this optimal focusing parameter
value is modified when a position dependent refractive index is generated inside the crystal
in order to improve the conversion efficiency . The optimal focusing parameter in this case is
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Fig. 3. Modal decomposition of the SH field as a function of the focusing parameter ξ , in
optimal phase matching conditions, for fundamental pump modes a) TEM10 and b) TEM20.
Traces i), ii) and iii) correspond to the TEM00, TEM20 and TEM40 SH components, respec-
tively. These results have been obtained with the analytical model.
ξopt = 3.32. The maximum theoretical conversion efficiency, normalized to the TEM00 effi-
ciency is 0.50 for a TEM10 and 0.40 for a TEM20 pump mode. These drops in conversion effi-
ciency relative to the TEM00 case are easily explained by the smaller local intensity in higher
order modes.
All efficiency curves, shown in Fig. 2, are rather flat around the optimal value, allowing an
operating range between ξ = 2 and ξ = 4 in which close to maximum conversion efficiency
can be obtained experimentally. This ’optimal focusing regime’ is hence comprised between zR
values of l/4 and l/8.
The case ξ ≪ 1 corresponds to zR ≫ l, i.e. to the ’thin crystal approximation regime’. This
is obviously not the optimum regime as it corresponds to a large waist w0 and therefore to a
smaller local intensity. In the opposite regime corresponding to a very tight focusing, i.e. to
ξ ≫ 1, the efficiency drops because of de-focusing and because of the importance of the phase
shift between fundamental and SH beams at both ends of the crystal. When this phase shift
exceeds pi/2, the parametric interaction is indeed partly leading to a down-conversion of the
SH power [3].
2.2. The modal decomposition
We now focus on the modal decomposition of the SH field predicted by our analytical model,
first when the focusing parameter is varied and secondly when the crystal temperature is varied.
Fig. 3 shows theoretical curves for the modal decomposition of the SH fields as a function
of the focusing parameter, ξ . Due to different accumulated Gouy phase shifts for different
focusing cases, the SH mode components are differently phase matched to the pump mode
when the focusing parameter is changed. It can been seen on Fig. 3 that in the case of TEM10
pump mode and with a focusing parameter of approximately ξ = 3 the generated SH fields
is almost a pure SH single TEM20 mode, whereas by using a focusing of ξ ≪ 1, the mode
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decomposition is 0.34 and 0.66 for the SH TEM00 and TEM20 components, respectively. In
the case of a TEM20 pump mode, the SH field is always a tunable linear combination of all
three components. Nevertheless, it cannot be purely one of these and mainly converts into a SH
TEM40 component. The results presented here have been used to fit the profiles presented in
Fig. 6.
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Fig. 4. Mode components of the SH fields as a function of the phase matching temperature,
in optimum focusing conditions, for a) TEM10 and b) TEM20 pump modes. Traces i), ii)
and iii) correspond to the TEM00, TEM20 and TEM40 SH components, respectively. These
results have been obtained with the analytical model.
In addition to the influence of the beam focusing on the SHG efficiency and modal decom-
position, phase mismatch, also plays a big role, as shown in Fig. 5. In order to describe the
SH modal composition according to changes in the crystal temperature, we have in Fig. 4 plot-
ted the percentage of the TEM00, TEM20 and TEM40 SH components in the overall generated
SH field. In the case of a TEM10 pump mode, the SH field can be tuned from a pure TEM00
mode into a pure TEM20 mode. Once again a TEM20 pump field produces a temperature de-
pendant tunable linear combination of the TEM00, TEM20 and TEM40 modes. Close to perfect
conversion into TEM00 and TEM40 SH components can be obtained.
3. Results
Figure 1 illustrates the SHG setup used in this study. The laser source is a diode-pumped mono-
lithic Nd:YAG ring laser, wavelength 1064 nm. We generate the TEMn0 pump mode by mis-
aligning a ring cavity designed to prevent any transverse mode degeneracy and locked to the
resonance of the TEMn0 mode. This device is labeled as ’mode-converter’ in Fig. 1. The avail-
able TEM00, TEM10 and TEM20 pump power is 250 mW, 80 mW and 55 mW, respectively. The
SHG crystal is a bulk lithium niobate (MgO:LiNbO3) type I second order nonlinear crystal. The
transmitted fundamental beam is filtered out from the generated SH beam with a dichroic mirror
(DM) and measured with a CCD camera in the far field (FF) of the center of the crystal
The experimental parameters we vary are the crystal temperature and the focusing parameter
ξ = l/2zR where l is the length of the nonlinear crystal, zR = piω20 /λ is the Rayleigh length, ω0
is the pump beam waist size and λ is the pump wavelength.
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3.1. Experimental investigation of the SHG efficiency
First, the influence of beam focusing on the SHG efficiency is studied experimentally in the
optimal focusing regime for TEM10 and TEM20 pump modes. We obtained 0.45± 0.05 and
0.34±0.05, respectively, where we used a focusing parameter of ξ = 3 giving a focusing waist
of w0 = 35µm. We find good agreement with the expected values, as shown in Fig. 2.
The temperature dependance of the SHG efficiency is plotted in Fig. 5. The plot shows the
normalized SHG efficiency as a function of the nonlinear crystals temperature. The nonlinear
crystal we are modeling has a birefringence that is temperature dependant and therefore it
influences the phase mismatch. It yields the well known ’sinc2 function’ shape for the TEM00
pump case when the crystal temperature is varied [3]. The higher order H-G pump modes
yield SHG efficiency curves that are more structured than the TEM00 case. This is due to the
contributions from the different TEMn0 components of the multi-mode SH field. The different
propagations along the crystal lead to different phase matching conditions for each H-G modes,
and hence the overall SHG efficiency becomes asymmetric. It can be seen in Fig. 5 that the
experimental data and theoretical plots are in very good agreement. The differences are mainly
due to smaller observed SH conversion efficiency as a consequence of non-optimal focusing of
the pump into the SH material. Note that the optimal phase-matching condition corresponds in
each case to the generation of the SH mode of highest order in the decomposition of the SH
beam. With a TEM00 pump it is the TEM00 SH. With TEM10 and TEM20 pump modes it is the
TEM20 and TEM40 SH modes, respectively.
3.2. Experimental investigation of the SH mode decomposition
The SH 1D and 3D profiles shown in Fig. 6 are presented for different crystal temperatures and
two different focusing parameters. Figure 6(a) and (b) depicts the TEM10 and TEM20 pump
mode cases, respectively. In Fig. 6(c), the SH 1D and 3D profiles are presented for ξ ≪ 1,
corresponding to zR ≫ l, and with optimal phase matching.
The results in Fig. 6 show that a change of the crystal temperature causes a change in the
phase matching ∆k, and modifies of the spatial profile of the SH field. In the case of a TEM10
pump the SH field can be converted from a predominantly TEM00 mode to a predominantly
TEM20 profile. Changing the crystal temperature allows reproducible control of the combina-
tion of the TEM00 and TEM20 modes in the SH field. This can clearly be observed on the
animation presented in Fig.7. The SH mode profile was recorded with a CCD camera when
the temperature was continuously varied. This corresponds to a TEM10 pump used in optimal
focusing conditions. Similarly, for the TEM20 pump mode we find that the SH field is also a
temperature dependant linear combination of the TEM00, TEM20 and TEM40 modes. Compar-
ing Fig. 6(a), (b) with (c), we find that changing the focusing parameter from optimal focusing,
zR = l/6, to non-optimal focusing, zR ≫ l, induces a modification in the spatial profile of the
generated SH field [13].
We have experimentally shown that the spatial profile of an SHG field when pumped with
higher order H-G modes can be modified by adjusting the crystal temperature and the pump
focusing parameter, and furthermore that the two models can describe these observations very
accurately.
4. Discussion and applications
The results demonstrate that the propagation of the higher order modes in the nonlinear crys-
tal can be understood as an intricate competition between several key parameters, namely the
focussing parameter, the laser wavelength and the temperature of the nonlinear medium. The
theoretical models predict both the conversion efficiencies and the spatial mode profiles very
accurately. This nonlinear optical effect is a spatial mode discriminator (SMD) and is adjusted
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Fig. 5. Normalized temperature dependence of second harmonic conversion efficiency for
pump modes a) TEM00, b) TEM10 and c) TEM20. The experimental data are represented
by the black dots with indicative error bars. The solid lines are made with both theoretical
models. The decomposition of the SH mode is also shown for each temperature with dot-
ted/dashed lines. Traces i), ii) and iii) correspond to the TEM00, TEM20 and TEM40 SH
components, respectively. The maximum normalized theoretical conversion efficiency is 1
for a TEM00 pump, 0.50 for a TEM10 and 0.40 for a TEM20 pump mode. The pump beams
were focused in all cases to a waist of w0 = 35µm, inside a 20 mm long lithium niobate
crystal.
by altering the phase-matching condition which produces a mode coupling between different
TEMs in the χ(2) medium. The ratio between the generated SH components can be adjusted
continuously by changing the operating parameters. The relevance of the SMD process is that
we can use it as a measurement tool for the focusing parameter, the laser wavelength and the
nonlinear medium’s temperature with the advantage that optical cavities or interferometers are
not required. It is therefore intrinsically stable. Note that, since SHG is the reciprocal process
of optical parametric amplification (OPA), we have used this effect in reverse to pump an OPA
and selectively generate squeezed light in a desired higher order spatial mode [17].
In Fig. 8(a), we illustrate a scheme for using SMD as a temperature sensor or as a device
to actively control a laser frequency to pre-programmed values. The common principle first
requires the conversion of a TEM00 laser beam into higher order modes using mode-converters
such as wave-guides [18], special phase-plates or holograms [19]. The desired TEMnm mode
is then used as a pump in a single pass SHG scheme similar to the one detailed in Fig. 1. As
explained in the previous sections, the profile of the multi-mode SH beam thereby generated
is strongly dependent on the pump laser wavelength and on the crystal temperature. Its spatial
analysis can be performed with a CCD camera, or with a mode separation device [18] associated
with individual photo-detectors as shown in Fig. 8(a). This directly provides information on the
crystal temperature and laser wavelength.
In order to access the latter experimental parameters, one can for instance use a
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Fig. 6. SH profiles generated in the crystal, observed in the far field (FF), for three different
phase matching temperatures, with optimal focusing conditions, a) TEM10 and b) TEM20
pump modes. The cross-section traces contain both the experimental data and the theoret-
ical fits. The length of the crystal was l = 5 mm and a focusing parameter of ξ = l/6 was
chosen. c) SH profiles for TEM10 and TEM20 collimated pump modes, i.e. the thin crys-
tal approximation. Again the cross-section traces contain both the experimental data and
the theoretical fits. The cross-section traces are made with the generalized Boyd-Kleinman
analysis. The experimental parameters used are a focusing of ξ ≪ 1, and with optimal
phase matching, ∆k = 0.
Fig. 7. This movie has been recorded with a CCD camera and shows the SH profiles gen-
erated by the non-linear crystal. The phase matching temperatures is swept from below
optimum phase matching to above optimum. The field is a TEM10 mode at 1064 nm and
the SH filed moves from a predominantly TEM20 mode to a predominantly TEM00 mode.
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Fig. 8. a) Illustration of a scheme for temperature sensing and control of a laser frequency
over a wide spectrum. The beam is first converted into a desired higher order mode, in
this case a TEM10 mode, with a mode-converter. Pumping the nonlinear material with this
beam then generates a SH multi-mode beam. The detection of these modes requires spatial
detectors like array or CCD detectors arrays or mode separator associated with individual
detectors. b) Normalized SH mode amplitude difference dependence, ∆A, as a function of
temperature and wavelength for a TEM10 pump mode using the numerical model.
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TEM10 pump mode and extract the normalized SH mode intensity difference ∆A =(TEM00-
TEM20)/(TEM00+TEM20). Figure 8(b) depicts ∆A as a function of crystal temperature and laser
wavelength. This has been plotted using the numerical model for a 20 mm long MgO:LiNbO3
crystal, using a TEM10 pump beam around a reference wavelength of 1064 nm, under opti-
mal focusing conditions corresponding to ξ = 2.7, and near optimal phase-matching operation
around a crystal temperature of 69.95◦C. Note that, at a given wavelength, this figure con-
tains the same information as the one presented in Fig.4. In addition, Fig.8(b) shows that SMD
produces a repetitive signal that spans a wide wavelength and temperature range. The spacing
between the peaks is simply set by the phase shifts of the nonlinear process and is hence a
constant set by the physical geometry of the system. Note that a value of ∆A = 1 and ∆A =−1
corresponds to a pure TEM00 or TEM20 mode, respectively.
As an example, if we generate 1 mW of SH power at 532 nm from a 20 mm long
MgO:LiNbO3 crystal, assuming detectors with 100% quantum efficiency, the shot noise limited
sensitivity is: 2×10−8×1/√Hz. It can be seen from Fig.8(b) that ∆A changes by approximately
1/4 ◦C in the full dynamical range, i.e. from ∆A = −1 to ∆A = 1. This yields a temperature
sensitivity of the order of 2× 1/4× 2.10−8 = 10−8 ◦C× 1/√Hz. Moreover, ∆A changes by
approximately 1/15 nm in the full dynamical range, which corresponds to a wavelength sensi-
tivity of approximately 2×1/15×2×10−8 ≃ 2.7×10−9 nm×1/√Hz. This can be translated
into a frequency sensitivity of 3×108×2.7×10−18/(1064×10−9)2 ≃ 700 Hz×1/√Hz. Both
sensitivities are linearly proportional to the length of the nonlinear crystal. It is important to
note that a more elaborate pump shape and detection can easily improve the sensitivity. This
optimization will be investigated using the numerical model that has been developed and tested.
Temperature and frequency sensitivities calculated above assume that all other parameters
are fixed, and therefore correspond to an upper limit of the performance in this particular con-
figuration. For example, for temperature sensing, the frequency of the pump laser can be stabi-
lized at less than 1 kHz for 1 s, using the technology of commercial non planar ring oscillator
(NPRO) YAG lasers. Even a beam focusing accuracy of 1 % in a bulk crystal would not limit the
temperature sensitivity. One can even think of implementing such a device in a waveguide for
reproducible beam focusing. This scheme could also be applied to laser frequency control, by
using ∆A to generate an error signal. Good temperature stabilization could allow reproducible
frequency locking over a wide range of frequencies, with up to a kHz accuracy.
The single pass scheme presented in Fig. 8(a) could be of interest in optical sensing systems.
Another example is the use of the continuous variation of the SH spatial profile for trapping,
un-trapping, or continuously displacing particles in an optical beam [20]. A ring-shaped pump
beam would be implemented, for instance like a Laguerre-Gauss (L-G) beam [7]. When the
crystal temperature is continuously varied, several rings would be generated, moving in or out
from the center of the beam. Further optimization of the pump profile for best trapping perfor-
mance could again be investigated using the numerical model. Similar optical manipulations
are currently performed using interference between several optical beams whose frequency is
continuously varied [21].
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